Recent studies have shown that selective regional, but not global, GM atrophy occurs from clinical onset to conversion to clinically definite MS. Our aim was to investigate the difference in the extent of SDGM and cortical atrophy in a large sample of patients with CIS and early RRMS and to explore the relationship between SDGM and cortical atrophy and other MR imaging and clinical outcomes.
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R imaging is a vital tool enabling clinicians to diagnose, monitor, and predict the progression of MS. Conventional MR imaging has proved to be very sensitive for detecting focal changes in the WM, yet it is relatively insensitive to involvement of the GM in MS. GM pathology in MS is quite different from that in WM, with only mild blood-brain barrier disruption and little-to-no inflammation due to minimal Tcell infiltration. 1 Hence, the difference between lesion and normal GM relaxation times on MR imaging is less than that seen between lesion and normal white matter. 2 In the past decade, continuous effort has been made to develop novel MR imaging techniques that are able to quantitatively measure a wide spectrum of GM pathology. [1] [2] [3] The introduction of double inversion recovery sequences has advanced the ability to capture part of GM pathology in vivo, 4 and measurement of GM atrophy has become one of the important outcomes in MS studies. [5] [6] [7] Other nonconventional MR imaging techniques have also contributed to determining the extent of GM damage in patients with MS. 2 The role of GM pathology in MS has come under increasingly close scrutiny, especially after it was shown that GM atrophy predicts clinical outcomes better than WM damage. [5] [6] [7] More recently, research has focused on determining the extent of GM pathology at the first clinical event in patients presenting with CIS [8] [9] [10] [11] [12] [13] [14] [15] [16] or on its evolution with conversion to clinically definite MS. [17] [18] [19] [20] It has been reported that global GM volume measures are not sensitive enough to detect GM atrophy at the time of the initial attack. 11 Consequently, GM atrophy studies in patients with CIS have increasingly turned to regional segmentation techniques to identify specific structures with a stronger predilection for disease susceptibility and conversion to clinically definite MS. [8] [9] [10] [11] 13, 14, 16, 17, 19, 21 The aim of this study was to investigate differences in the extent of SDGM and cortical atrophy in a large sample of patients with CIS and early RRMS. Another goal was to explore the relationship between SDGM and cortical atrophy and other MR imaging and clinical outcomes in these disease subtypes.
Materials and Methods

Subjects
The current analysis is based on MR imaging baseline data from 2 multicenter longitudinal clinical trials conducted in the Czech Republic. 22, 23 The randomized double-blind placebo-controlled ASA study enrolled 181 patients with early RRMS, 22 while the observational SET study enrolled 220 patients with CIS. 23 The inclusion criteria for the ASA study were clinically definite MS according to the criteria of Poser et al 24 confirmed by MR imaging, the presence of at least 2 oligoclonal bands in the CSF, 18 -55 years of age, EDSS score Յ3.5 on the day of screening, and active disease defined by 2 relapses in the previous 12 months or 3 relapses in the previous 24 months. 22 Exclusion criteria were interferon-␤ therapy in the previous 12 months or immunosuppressive treatment in the previous 6 months, pregnancy, and active major organ disease. All enrolled patients were naïve to interferon-␤ and glatiramer acetate at study entry.
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Inclusion criteria for the SET study were 18 -55 years of age, EDSS score of Յ3.5 on day of screening, presence of Ն2 T2 hyperintense lesions on diagnostic MR imaging, and the presence of Ն2 oligoclonal bands in the CSF (both obtained before steroid treatment). Exclusion criteria were time from the beginning of first symptoms of CIS to the baseline visit no longer than 4 months and the occurrence of a second attack before the baseline visit. All patients were treated with 3-5 g of methylprednisolone for the first symptoms, and baseline MR imaging was performed at least 30 days after steroid administration.
All participants provided written informed consent to participate in the study that was approved by the local institutional review boards.
MR Imaging Methods
Image Acquisition. Subjects in both studies were scanned on the same Gyroscan 1.5T unit (Philips Healthcare, Best, the Netherlands). Axial images of the brain were acquired with 1.5-mm section thickness by using FLAIR spin-echo (TR/TE/TI, 11,000/140/2600 ms; matrix size, 256 ϫ 181 mm; flip angle, 90°) and axial T1-weighted 3D spoiled gradient-recalled images (TR/TE, 25/5 ms; matrix size, 256 ϫ 204 mm; flip angle, 30°) acquired with 1-mm section thickness; sections were contiguous. The SET study also included a T1 spin-echo postcontrast sequence (TR/TE, 500/11 ms; matrix size, 256 ϫ 180 mm; flip angle, 90°; 3-mm section thickness) acquired with a 5-minute delay after the administration of gadolinium diethylene-triamine pentaacetic acid.
Image Analysis. All image analyses were conducted blinded to disease status. T2 and gadolinium lesion volumes were calculated for both the CIS and RRMS groups by using a reliable contouring-thresholding technique, as previously described. 22, 23, 25 T2 and gadolinium lesion numbers were also obtained in the CIS group only. Before we used the T1-weighted 3D spoiled gradient-recalled for subsequent analysis, it was modified by using an in-house-developed in-painting technique to avoid the impact of WM lesions on GM volume measurements 26 as previously described. 27 Consequently, for each subject, we obtained NBV, NGMV, NCV, NWMV, NLVV, and a volumetric scaling factor, by using SIENAX (Version 2.6; FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl/). 27 Absolute tissue volumes for the thalamus, caudate, putamen, globus pallidus, hippocampus, amygdala, and nucleus accumbens were estimated from the in-painted T1-weighted 3D spoiled gradient-recalled with FIRST (Version 1.2, FMRIB Software Library), a model-based segmentation/registration tool. 28 Normalized SDGM volumes were thus obtained by multiplying the estimated volumes from FIRST by the volumetric scaling factor from SIENAX. 29 Reproducibility of FIRST was previously reported.
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Statistical Analysis. Statistical analyses were performed by using the Statistical Package for the Social Sciences for Windows (Version 16; SPSS, Chicago, Illinois). Data were first examined visually and statistically by using the Kolmogorov-Smirnov test for normality. Demographic, clinical, and MR imaging differences between the groups were tested by using the 2 test, Student t test, and Mann-Whitney rank sum test, as appropriate. We investigated whether there were any laterality differences in the SDGM structures. Because the left and right volumes for each structure were highly correlated (data not shown), they were combined to yield a single structural volume. Only the total volumes for each structure were kept in the statistical models to reduce the total number of comparisons. Mean regional GM volumetric differences between the study groups were investigated before and after correction for age and sex, by using the Student t test and analysis of covariance.
To investigate the differences in global and regional brain volumes, we further divided patients with CIS into subgroups according to T2 lesion volume (median, Ͼ4.49 mL or Ͻ4.49 mL), T2 lesion number (Ն9 and Ͻ9), gadolinium-positivity status, polysymptomatic-versus-monosymptomatic onset, and different subtypes of monosymptomatic onset.
Spearman rank correlation was used to assess the relationships between regional GM volumes and other MR imaging and clinical outcomes in the CIS and RRMS groups. Due to multiple comparisons, only nominal P valuesϽ .01 were considered statistically significant by using 2-tailed tests.
Results
Demographic, Clinical, and MR Imaging Characteristics
Two-hundred twelve patients with CIS and 177 patients with early relapsing-remitting MS were enrolled in this study. SDGM analysis was not possible for 8 patients with CIS and 4 with early RRMS who originally participated in the SET and ASA studies due to technical difficulties. No significant demographic, clinical, or MR imaging differences were found between the subjects enrolled in this study and those participating in the original clinical trials. 22, 23 Demographic and clinical characteristics of the study groups are shown in the On-line Table. There were no significant age differences between the study groups; however, there was a trend toward more female patients with early RRMS (P ϭ .013). As expected, patients with early RRMS had significantly longer median disease duration (47 versus 3 months, P Ͻ .0001) and a trend toward higher median EDSS (2.0 versus 1.5, P ϭ .035) compared with patients with CIS. Ninety-four (44.3%) of the patients with CIS presented with polysymptomatic onset, and 118 (55.7%), with monosymptomatic onset (On-line Table) .
The mean number of T2 lesions in patients with CIS was 13.4 Ϯ 8.5, and 63.2% of patients with CIS had Ͼ9 hyperintense T2 lesions. Patients with early RRMS showed significantly higher T2 lesion volume compared with the patients with CIS (11.3 mL versus 6.2 mL, P Ͻ .0001). Patients with early RRMS showed significantly higher NLVV compared with patients with CIS (P ϭ .002), but no significant differences were found between the 2 groups for NBV, NGMV, and NWMV. Table 1 and Fig 1 show the volumetric differences in patients with CIS compared with those with early RRMS. The data are provided with and without adjustment for age and sex. Patients with early RRMS showed significantly lower volumes in the caudate and thalamus (P Ͻ .0001), total SDGM (P ϭ .0001), and globus pallidus (P ϭ .01) compared with patients with CIS. The 2 groups did not differ significantly in NCV.
Subcortical Regional Gray Matter Volume Differences between Patients with CIS and those with RRMS
Global and Regional Volume Differences in the Patients with CIS
Patients with CIS with T2 lesion volume greater than the median (4.49 mL) showed lower total SDGM, caudate, thalamus (all P Ͻ .001), globus pallidus (P ϭ .007), hippocampus (P ϭ .004), and putamen (P ϭ .01) volumes and higher NLVV (P ϭ .001) than those with a median T2 lesion volume Ͻ4.49 mL ( Table 2 ). The 2 groups did not differ significantly in NCV. No age or sex differences were found between the 2 subgroups, whereas patients with CIS with median T2 lesion volume Ͻ4.49 mL had a slightly longer disease duration (1.2 months, P ϭ .005).
No significant differences for the brain volume measures were found between the CIS subgroups when divided for the number of T2 lesions, gadolinium-positivity status, polysymptomatic-versus-monosymptomatic onset, and subtypes of monosymptomatic onset. However, patients with polysymptomatic onset showed significantly higher gadolinium lesion volume (P ϭ .009) and T2 lesion volume (P ϭ .003) and a trend toward higher gadolinium (P ϭ .021) and T2 (P ϭ .038) lesion numbers.
Relationship between Regional Gray Matter Volumes and Other MR Imaging and Clinical Outcomes in Patients with CIS and Early RRMS
Correlations between regional GM volumes and other MR imaging and clinical outcomes in patients with CIS and those with early RRMS are presented in Table 3 .
In patients with CIS, significant relationships between the decreased total SDGM and increased T2 lesion volume and NLVV, and decreased NBV were found (Ͻ.0001). Decreased volume of the thalamus showed the most consistent relationship with MR imaging outcomes (all, P Ͻ .0001). No relationship was found between regional GM volumes and disability. Except for the amygdala, no relationship was found with disease duration.
Modest-to-strong relationships were detected in patients with early RRMS between most of the GM regions and MR imaging outcomes. The most robust correlations were detected for total SDGM and thalamus (P Ͻ .0001). Decreased volumes of the thalamus and NCV were the only regions that were significantly related to increased EDSS (P ϭ .007 and P ϭ .006, respectively), while total SDGM and caudate volumes showed a trend toward a relationship with EDSS. Longer disease duration was related to decreased NCV; total SDGM; and caudate, putamen, and thalamus volumes (all P Ͻ .0001).
Discussion
This is the largest study to date, to our knowledge, to investigate the extent of SDGM and cortical atrophy in patients with CIS and those with early RRMS. The data for this study were acquired with the same scanning protocol and on the same MR imaging scanner, as part of the ongoing SET and ASA clinical trials in MS. This process allowed us to directly compare the evolution of SDGM and cortical atrophy between patients with CIS and those with early RRMS with only 4 years of disease duration.
The early RRMS group showed significant decreases in multiple SDGM regions compared with the patients with CIS, and these were most evident in total SDGM, caudate, thalamus, and globus pallidus. Although a number of previous studies evaluated the extent of SDGM atrophy in RRMS, 8, 11, 16, 30, 31 the present study provides evidence that changes in SDGM occur rapidly during the first 4 years in patients untreated with currently FDA-approved diseasemodifying treatment. In fact, all enrolled patients were naïve to interferon-␤ and glatiramer acetate at entry into the ASA study. 22 No significant differences were found in whole-brain, global GM, WM, and/or cortical volumes between the 2 groups. This confirms the results of some recent studies that showed that selective regional, but not global, atrophy occurs from clinical onset to conversion to clinically definite MS. [17] [18] [19] [20] This study provides strong evidence that regional GM atrophy is exclusively confined to the SDGM and not to cortical regions in the first 4 years of disease duration. Our findings suggest, therefore, that future studies should concentrate more on understanding the pathogenetic mechanisms leading to selective SDGM rather than to cortical GM damage in patients with early RRMS. Central atrophy development in early RRMS (10% larger NLVV than that in patients with CIS) emphasizes the need for better understanding of pathogenetic mechanisms leading to selective central and SDGM atrophy.
The disparate findings of GM atrophy in patients with CIS between different studies [7] [8] [9] 11, 14, 16, 21 point to the heterogeneity of the disease in patients with CIS and the inclusion criteria for the studies in which they are enrolled. A recent study revealed significant global GM volumetric differences in contrast to our own between patients with CIS and RRMS 16 ; however, patients with CIS did not have to fulfill the oligoclonal bands criterion. It could be postulated that the more restrictive enrollment criteria used in the present study selected a cohort of patients more prone to convert to clinically definite MS. It remains difficult to directly compare the results between studies. Despite this important caveat, the present study, with its large sample size, supports the hypothesis that pathogenic processes affect both GM and WM from the earliest stages of the disease. The decision to divide the CIS group into those with Ն9 or Ͻ9 T2 lesions and according to gadolinium-positivity status was based on the analysis done in the BENEFIT study, 32 which found that the risk for patients with CIS converting to clinically definite MS increased when either Ն9 T2 lesions or gadolinium-positive MR imaging criteria were met. In the present study, neither of these conditions established any significant volumetric differences in the SDGM as well as in cortex between the CIS subgroups. This confirms the concept that there are pathogenetic mechanisms other than acute inflammation that may play a significant role in disease progression. 33 We also investigated whether T2 lesion volume may be useful in subdividing the CIS cohort, as proposed in the past. 34 The median T2 lesion volume was chosen because it, by definition, resulted in 2 groups with equal sizes. Patients with CIS with median T2 lesion volume Ͼ4.49 mL showed lower total SDGM, caudate, thalamus, globus pallidus, hippocampus, and putamen volumes and higher NLVV, but not NCV, than those with median T2 lesion volume Ͻ4.49 mL. This finding further supports the concept that atrophy in the SDGM is relevant from the clinical onset of the disease and is consistent with results from previous studies. 8, 10, 13 Hippocampal atrophy has been described in RRMS and progressive MS and has been related to both memory deficits and depressive symptoms. 8, 16, 30, 35, 36 However, this is the first study to report evidence of hippocampal atrophy in patients with CIS. This finding is contrary to what has been previously reported by our own group 8 and is probably related to the much larger sample size of patients with CIS in this study. Recent studies yielded similar results between different SDGM segmentation techniques used in the 2 studies, 37, 38 reducing the likelihood of the segmentation technique acting as a possible confounding factor.
We found evidence that the volumes of multiple SDGM structures were related to lesion and other atrophy outcomes in patients with CIS. In patients with early RRMS, these relationships became strong and were detected in all of the examined structures. While it is likely that T2 lesions play a role in subsequent SDGM atrophy development, the extent of that role cannot be established from the current data. Use of more specific MR imaging sequences like double inversion recovery can increase the ability to capture part of lesion GM pathology in vivo. 4 It is highly likely that the development of SDGM and cortical atrophy is also related to other mechanisms different from inflammation, such as iron deposition. 39, 40 Similar observations were noticed when exploring the relationship between SDGM and cortical atrophy and clinical outcomes in this study. No relationship with disability was observed in the patients with CIS. Except for a weak correlation with the amygdala, no other structure was related to disease duration. On the other hand, a number of different SDGM structures as well as cortical volume were related to disease duration and EDSS in early RRMS.
While the study groups differed in SDGM but not cortical volumes, the exact relationship between atrophy in these regions remains unknown. The results suggest that, at least in the early stages of the disease, independent processes affect superficial and subcortical deep GM. The lack of a significant relationship between cortical atrophy and increased T2 lesion volume but modest-to-robust association with SDGM atrophy in patients with CIS indicates that SDGM atrophy is more closely associated with inflammation than cortical atrophy. Moreover, the association results from patients with early RRMS further support these findings.
The cross-sectional nature of this study limited our ability to monitor the evolution of SDGM atrophy on an individual basis. To address this shortcoming, longitudinal analyses of the SET and ASA studies at 2 and 5 years will be available in the near future. Using a regional T2 lesion volume-versus-SDGM and cortical atrophy approach with these datasets should help to further establish whether SDGM and cortical atrophy are a primary or secondary effect, or some combination of the 2. 41 This study also did not use nonconventional MR imaging techniques that may provide additional insight into GM pathology.
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Conclusions
Our data suggest that significant SDGM atrophy but not cortical atrophy is evident from the earliest stages of the disease, strengthening the hypothesis that neurodegeneration and inflammation are both relevant in the conversion to clinically definite MS and disease progression. 
